Abstract.
INTRODUCTION
The vast majority of existing R.C. buildings stock has been designed with out-of-date codes where seismic detailing was at a primitive stage of knowledge. Recent earthquakes occurred worldwide (e.g. Northridge, California (1994); Kobe, Japan (1995); Chi Chi, Taiwan (1999); Athens, Greece (1999), Izmit and Düzce, Turkey (1999), L' Aquila, Italy (2009), Haiti (2010)) have demonstrated the susceptibility of non-ductile buildings with deficiencies related to member-and/or system-level. Insufficient reinforcement detailing of components (e.g. inadequately anchored transverse and longitudinal reinforcement, sparse and smooth stirrups, lap splices in the region of the plastic hinge, no stirrups in the beam-column joints, bad connection of the ground floor columns to the foundation system) limit the ability of the structure to resist seismic loading. System-level deficiencies such as eccentricities of stiffness and mass in both plan and elevation are common in existing structures leading to severe damage and eventually to collapse. Irregularities along the vertical axis are due to either irregular distribution of mass or stiffness along the height of the building. A special case is the soft-storey formation in pilotis type buildings (i.e. the ground storey used for commercial facilities is an open frame (bare frame), while the storeys above are infilled.). The uneven distribution of stiffness in plan (horizontal irregularities) may be the result of architectural (e.g. L-shaped buildings) or functional (e.g. facade of commercial buildings) features. The position of the elevator shaft walls plays an important role in the distribution of stiffness in plan (Fig. 1 ). Different retrofit strategies may be developed for non-ductile R.C. buildings depending among other parameters on the mandated level of the intervention and the financial objectives of the retrofit offer [1] . Thermou et al. [2] developed a retrofit design concept according to which response may be improved by targeting for a fundamental mode shape that would produce a desirable pattern of interstorey drift and therefore damage. This concept was further extended by Pardalopoulos and Pantazopoulou [3] in three-dimensional structures with torsional component in their lateral response, where in the methodology developed the fundamental translational mode shape is approximated by separating the contributions to translation and twisting from the corresponding basic modes of an associated decoupled system.
In the proposed retrofit design methodology the criteria that need be satisfied are correction of any irregularities in plan and in elevation and elimination of mechanisms likely to lead to damage localization. Distribution rather than localization of damage is crucial; otherwise the weakest link will jeopardize the stability of the whole structure [2] . Another important issue is the modification of the structural system so as to achieve increase in the redundancy of the lateral load resisting system. This paper presents a design methodology for the seismic upgrading of rotationally sensitive existing R.C. buildings. The methodology aims first to eliminate the effect of torsional coupling on modal periods and shapes. After this stage, the building is expected to respond independently in the two lateral directions (since torsional effects have been neglected) following the corresponding fundamental mode shapes. Next, the translational response shape in each orthogonal direction is engineered as to achieve a near -uniform distribution of interstorey drift along the building height [2] . The proposed methodology was implemented to an existing three-storey building constructed in the early 1970s. The validity of the proposed methodology was assessed by carrying out inelastic analyses with the use of a three-dimensional finite element model of the retrofitted structure. The results indicate the efficiency of the proposed design methodology for the seismic upgrading of existing torsionally unbalanced R.C. buildings.
FUNDAMENTALS OF THE PROPOSED RETROFIT DESIGN METHODOLOGY
The proposed retrofit design methodology aims to modify radically the response of old substandard R.C. buildings with torsional sensitivity. For this scope a retrofit design methodology has been developed which comprises two design stages (Phase I and Phase II). First, structural eccentricities are minimized and simultaneously torsional resistance and stiffness are enhanced. This is realized by the addition of stiffness at the periphery of the building through adoption of global intervention methods (e.g. R.C. infill walls, R.C. jacketing). At the end of this design stage (Phase I), the building is symmetric in plan and torsionally balanced. Thus, the ground motion in the two orthogonal axes (x and y) will cause only lateral motion, whereas the system will experience no torsional motion unless the base motion includes rotation about the vertical axis. The building is modified further as to respond in each lateral direction according to a target response shape, called hereafter target response shape. The objective is to mitigate damage localization through controlled modification of the lateral response shape. This is achieved by a weighted distribution of additional stiffness along the height of the building ( [2] , [4] , [5] ).
Elimination of the torsional sensitivity -Design Phase I
The unsymmetric plan depicted in Fig. 2(a) corresponds to the constant floor plan of an existing mulitistorey R.C. building. Due to the distance between the center of mass (CM) and the center of stiffness (CS) (i.e. eccentricities ex and ey in Fig. 2(a) ), the building is expected to simultaneously undergo lateral motion in the two orthogonal directions (x and y) and torsion about the vertical axis whenever subjected to the x-or y-component of ground motion. In case that the origin of the xOy coordinate system is defined at the CM for each vertical member i the translational and rotational stiffness are defined as:
Rotational stiffness:
where Kx,i, Ky,i are the lateral stiffness of the individual floor elements and xi, yi is the distance of the geometrical center of each element from the origin xOy. Note the translational and rotational stiffness as defined in Eqs.
(1) correspond to the CM. The floor rotation, θ, as a result of force Vo acting at the CM is:
where Kz / is the rotational stiffness defined at the CS according to:
The eigenvalue problem of the existing building whose solution provides the natural frequencies, ωs, and modes, Φ s , is described mathematically by: 
where ωs (s=x,y,z) is the natural frequency, K x , K y , K z are the diagonal submatrices of the translational stiffness in x and y direction and of the rotational stiffness of order N/3 (N is the number of storeys). 
where mst is the storey mass, Lx, Ly are the in plan dimensions of the building and ls is the radius of gyration of the floor mass in plan. The mode shapes are coupled through the stiffness matrix, K, because the stiffness properties are not symmetric about the x and y axes. In case that eccentricity could be eliminated so that K xθ =Κ θx =Κ yθ =Κ θy =0 (i.e. ex=ey=0 and thus θ=0 (Eq. (2)), then the system would be uncoupled in x, y and z directions. This can be achieved by adding stiffness to the system in strategically selected positions at the periphery of the building as to minimize eccentricity and simultaneously increase torsional resistance ( Fig. 2(b) ). The translational and rotational stiffness of the modified system are:
Translational stiffness:
Rotational stiffness: refer to the additional stiffness required as to remove any eccentricity of the floor plan. The objective is to add such an amount of stiffness as to move the CS to the CM (i.e. ex=ey=0 in Fig. 2(a) ). Hence, the required amount of stiffness in the x direction may be estimated from:
Similarly, the required amount of stiffness in the y direction is:
Eq.(3) that describes the eigenvalue problem for the existing building is modified accordingly as to account for the effect of the additional stiffness that lead to elimination of eccentricity and enhancement of the torsional resistance: 
Thus, the three uncoupled equations that describe the eigenvalue problem are:
According to Eq. (8) the modified building ( Fig. 2(b) ) will response independently in the two lateral directions (torsional effects have been neglected) following the corresponding fundamental mode shapes.
Strengthening for a target response shape -Design Phase II
In the proposed rehabilitation framework, deformation demand is quantified by interstory drift throughout the structure. In a reverse process of redesign, in which the desirable pattern of interstorey drift distribution prescribes the proper morphology of the fundamental mode shape, it is relatively straightforward to evaluate the pattern of stiffness distribution throughout the structure that is required to produce a desirable translational mode ( [5] , [6] , [7] ). The retrofit design methodology developed by Thermou et al. [6] is adopted. In the first step of the methodology the target period of the retrofitted building, Ttarget, is defined. It could range between 0.05Htot 3/4 ≤Ttarget<Texisting. The Yield Point Spectrum (YPS) representation [8] is utilized for defining for a given period value, Ttarget, the total acceleration and relative displacement coordinates of the elastic ADRS spectrum (corresponding to Ttarget) which are simply divided by the behaviour factor, qtarget, and the corresponding ductility demand, target. A ductility value (μtarget) between 2 and 3 may be considered achievable for retrofitted buildings. Next, the target response shape, Φshape, is selected. The driving consideration is the pursuit to obtain as nearly uniform as possible a distribution of drift demand. Alternative options for the selected response shape are presented in Fig. 3 . When considering structural vibration in the selected target mode shape, the generalized (effective) SDOF properties of the structure are related to the target period and from there to the required secant-to-yield stiffness of the first floor, K1, as follows:
where K1 is the stiffness of the first storey, w1 is the weighting factor value at the first storey, m is the typical storey mass, Φj is shape value at the j th storey (N is the total number of storeys) and Ttarget is the target period. Eq. (9a) may be further simplified in case of a triangular response shape with equal storey height to:
The required stiffness in the j-th floor associated with the selected target shape is obtained from:
This procedure is repeated in both lateral directions. The additional stiffness required at each storey in both lateral directions as for the lateral response shape to conform to the target shape is distributed along the vertical members of the floor. In the selection of the vertical members to be strengthened attention should be paid as not to modify the center of stiffness. 
IMPLEMENTATION OF THE PROPOSED RETROFIT DESIGN METHODOLOGY

Description of the Existing Building
The building selected as a case study is a 3-storey residential R.C. building constructed in the center of the city of Thessaloniki (North Greece) in the early 1970s according to the provisions of the first Greek Seismic Code [9] . The first storey (ground floor) has a commercial use (windows at the perimeter -open first storey) whereas the other floors are used as apartments. The plan layout of the first storey is differentiated. The first storey height is 4.50 m whereas the height of the other two floors is 3 m. The area of the typical floor is 351.68m 2 and is constant along the height of the building.
The structural system is formed as an orthogonal grid of columns, walls, beams and slabs (Fig. 4) . As it is observed there are a few beam to beam connections. Discontinued (cut-off) columns do not exist.
The cross section of the columns is rectangular with varied dimensions along the building's height, generally reducing by 5 cm in each upper floor. The average column in the ground floor is 35cm square and is reduced up to 25cm square in the last floor. Columns longitudinal reinforcement comprises smooth bars of 12 mm ÷ 20 mm diameter and the longitudinal reinforcement over the column section ranged between 6.6‰ ÷ 10.3‰. Column transverse reinforcement comprises stirrups of 6 mm bar diameter spaced at 250 mm anchored with 90° hooks in the ends. The influence of the shear reinforcement is considered negligible, due to the small diameter and the sparse placement of the transverse reinforcement.
The geometry and the reinforcement detailing of R.C. walls followed the typical construction practice of that era in Southern Europe. The dimensions of the wall cross section were 1200 mm ÷ 2150 mm long by 150 mm ÷ 250 mm in width. The boundary elements were lightly reinforced by 412 mm longitudinal bars and the web reinforcement comprised of a dual mesh 8/250 mm.
The longitudinal reinforcement of the beams comprises smooth bars of varying diameter 10 mm ÷ 20mm and longitudinal reinforcement area ratio tanged between 3.1‰ ÷ 14.7‰ approximately. Note that in a few beams three different bar diameters are placed (e.g. 10 mm, 12 mm and 16 mm). Transverse reinforcement follows the same pattern as in columns. The slab thickness was 0.10 m constant at all floors and considered to offer diaphragmatic action.
The materials considered were B160 concrete quality (which corresponds to fck=10 MPa) and smooth StI for longitudinal and transverse reinforcement of the structural members (fsy=fsyw=250 MPa). 
Assessment of the Existing Building
Before proceeding with the implementation of the proposed retrofit design methodology, a prerequisite step is the assessment of the existing building. Structural regularity is checked first and then assessment at member level is performed as to define the deformation and strength capacity of all the structural members. Moreover, assessment through detailed analysis was also performed as to verify the results of the hand calculations.
Check of Regularity in Plan and Elevation
The EC8-Part I [10] quantified criteria for assessing structural regularity are implemented. The slenderness, λ(=Lmax/Lmin), of the case study building is 1,90 (λ=1,90<4), thus less than 4,0. The structural eccentricity in both directions x-x and y-y, eo,x and eo,y, is smaller than 30% of the torsional radius in both horizontal directions ( Table 1) . The torsional radius, rx and ry, is larger than the radius of gyration in direction x and smaller in direction y. As a result, the building is characterized as being irregular in plan only in the x-x direction. The building evidently fulfills all requirements for regularity in elevation stated in EN 1998-Part I [10] . Specifically, all lateral load resisting systems run without interruption from the foundation to the top of the building. The lateral stiffness and the mass of the individual storeys remain constant from the base to the top of the building.
Assessment at Member Level
The chord rotation at yield and at ultimate, as well as the flexural and shear strength of the existing j th R.C. members (columns, beams, walls) were estimated according to EC8-Part III [11] and the Greek Intervention Code [12] . The following expressions were used:
For beams or rectangular columns: 
. ,
, where av=1 if the shear force at flexural yielding, My/Ls, exceeds the shear at diagonal cracking, or 0 otherwise, z is internal lever arm equal to 0.9d in beams or columns, 0.8lw in walls, db: diameter of longitudinal bars, aw=1 for walls, 0 otherwise; ρs: confining reinforcement ratio in the direction of bending; ρd is diagonal reinforcement ratio. Material strengths fy, fc are in MPa. In members not detailed for earthquake resistance, the right hand of Eq (11c) is reduced by 20%. For every vertical member the flexural strength, Vy, was estimated by considering EC8-III [11] and KANEPE [12] expressions according to which flexural capacities are converted into associated shear forces, Vy=My/Ls. This may be done assuming attainment of flexural capacity at both ends for the columns (shear span Ls equal to half the clear storey height), or a shear span Ls of walls equal to 2/3 of the total height of the building. The yield moment, My, may be computed according to Eq (12). 
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According to KANEPE [12] the secand-to-yield at each end of a concrete member, EIeff , may be computed from the yield moment, My, and the chord rotation at yielding at the end, θy, as:
In this study, it is assumed that the columns of the storey are fixed in both ends whereas walls are fixed only at the base. Thus, the shear span for the columns is equal to half the clear storey height whereas for the walls it was taken equal to 2/3 of the total height of the building (i.e. they are considered to behave as cantilevers with a height equal to 2/3Htot). Thus, the stiffness, Kj, of the i th vertical member is:
For columns: From the above, the stiffness at member level is estimated. The total stiffness of each floor is obtained by direct summation of the stiffness of the individual vertical members of each floor (they are considered to function as a sequence of springs in parallel) and presented in Tables 2: 
The shear strength of a concrete wall, VR,i, may not be taken greater than the value corresponding to failure by web crushing, VR,max,i, which under cyclic loading may be calculated from the following expression (with units: MN and meters): 
where μθ,i pl is the ratio the plastic part of the chord rotation, θ, normalized to the chord rotation at yielding, θy. In the calculations, μθ,i pl was assumed equal to 0. The results of the shear strength assessment of the columns and the walls are presented in Table 3 . As it is shown in case of columns premature failure in shear is expected to occur in all the floors. This corresponds to the case that index v (=Vshear,c/Vy) < 1 ( Table 3 ). This implies that the columns will fail well before reaching yielding and thus the chord rotation at yielding will not be reached. Instead the columns at the time of failure will have a chord rotation significantly reduced (almost half) of the chord rotation at yielding ( Table 3 ). The value of 0.25% can be considered representative for all the floors. Referring to the walls no premature failure is anticipated. The same value applies in both directions x-x, y-y due to the square cross section
Assessment through Detailed Analysis
The finite element analysis program SeismoStruct v6.5 is utilized to perform necessary analysis for the assessment of existing building such as nonlinear static pushover analysis, eigenvalue analysis and incremental dynamic analysis. Both vertical and horizontal elements are modeled with inelastic elements capable of representing progressive cracking and spread of inelasticity. Beam-column joints are assumed rigid and fully-fixed boundary conditions are adopted at the base of the building (Fig. 6 ). 
Eigenvalue Analysis
Eigenvalue analysis was performed for determining the periods and mode shapes as presented in Table 4 and Fig. 7 . The torsional sensitivity of the building due to the irregularity in plan in x-x direction is verified by the eigenvalue analysis. 
Pushover Analysis
In case of torsionally sensitive buildings static pushover analysis exhibits shortcomings and limitations that confine its range of application and raise doubts of its effectiveness to accurately estimate structural seismic demand, as demonstrated by a number of researchers [e.g. [13] , [14] ). However, according to the Greek Code for interventions [11] , pushover analysis is permitted to be implemented even in torsionally unbalanced buildings, only when accompanied by a nonlinear dynamic analysis for validation reasons. Thus, incremental dynamic analyses are performed for various ground motions in order to assess the level of validity of the pushover analyses results. Incremental dynamic analyses (IDA) are performed only for the direction where the structure is torsionally unbalanced (direction y-y). Eurocode 8-III [11] requires the use of a spatial model in case of building not conforming with the criteria for regularity in plan.
The building was subjected to pushover analyses separately in the two orthogonal directions x-x and y-y. Two different lateral force profiles were adopted, the modal and the uniform shape. From the pushover analyses conducted, it was shown that uniform distribution led always to more unfavorable results as expected. For this purpose, the results from the uniform load profile are presented. The base shear -roof displacement curve of the structure in the x-x and y-y direction is depicted in Fig. 8(a) and 8(b) , respectively. The horizontal dashed line indicates the base shear force level at which shear failure is anticipated according to the assessment conducted at member level (Table 2) . Hence, from the assessment failure is expected prior to global yielding. Fig. 8 . The interstorey drift profile was estimated for four different deformation stages depicted as [1] , [2] , [3] and [4] (Fig. 8) . Stage [2] and Stage [4] correspond to global yielding and ultimate, respectively, whereas Stage [1] corresponds to half the global yielding and Stage [3] to (δy global +1/2δpl global ). Failure is expected when the interstorey drift level reaches a value equal to 0.25% (Fig. 9 , see also Table 2 ). Damage is localized in the columns 
Response to Earthquake Excitation
Incremental dynamic analyses were performed for three different ground motions (El Centro 1940, Northridge 1994 and Loma Prieta 1989). The duration of the records is 40 seconds and the peak ground acceleration is 0.31g, 0.60g and 0.50g, for the El Centro 1940, Northridge 1994 and Loma Prieta 1989 ground motion, respectively. IDA involved performing a series of nonlinear dynamic analyses for each record by scaling it to multiple levels of intensity. Five scaling factors (0.1, 0.4, 0.7 and 1.0) are selected in order to represent the seismic intensity at each time of history analysis. The comparison between static pushover curves and IDA curves is depicted in Fig. 10 and it is shown that the behavior of structure along direction y -y under static pushover analysis is similar to the behavior under dynamic analysis. The maximum base shear for the selected ground motion El Centro is 1733.0 kN, Loma Prieta is 2583.0 kN and for the Northridge is 2500.0 kN. The comparison between the pushover and the IDA curves verifies that static pushover analyses can be used for assessment. 
Design of the Retrofit Solution
Elimination of the Torsional Sensitivity
The building according to the regularity in plan check is rotationally sensitive ( Table 1 ). The first phase of the proposed retrofit design methodology involves addition of stiffness in a strategic way at the periphery of the building as to minimize structural eccentricities and increase torsional resistance. Intervention methods that may serve this scope are R.C. jacketing and the addition of R.C. walls. Table 5 indicates the required additional floor stiffness in the x-x and yy direction for the elimination of the effect of torsional coupling on modal periods and shapes. The most efficient solution is depicted in Fig. 11 . Four infill R.C. walls are added at the perimeter of the first storey, two in each direction (T9 and T10 in x-x direction, and T6 and T7 in yy direction) and one column is jacketed C19 (Fig. 11(a) ). The added R.C. walls continue to the second and third floor (Fig. 11(b) ). Tables 6 and 7 present reinforcement details of the additional concrete walls and the jacketed members. The material properties of the new added members are concrete compressive strength fck=30 MPa, and nominal yield strength fsyk=500 MPa. 
Strengthening for a Target Interstorey Drift
Once the torsional effects of the building have been eliminated in the first phase of the methodology, the second phase deals with system-level deficiencies associated with irregular distribution of stiffness along the height of the building. The method assumes that the building responds in a single mode in each direction since twisting rotation along the vertical axis is insignificant. The retrofit scenario adopted aims to reduce the period of the existing building to a period that can range between 0,05Htot 3/4 =0,05·10,5^( 3/4) =0,29s≤Ttarget<Texisting=0,66s (average value of the period of the first and the second modes: 1/2(0,68+0,63)=0,66s, see Fig. 7 ). The target period was selected to be equal to half the period of the existing building Ttarget=0,33s. Ductility was assumed equal to 2 which is considered a realistic scenario for a substandard building. The triangular response shape which corresponds to equal distribution of damage along the height of the building was utilized (Φ The MDOF system with storey mass m=136,25t is transformed to ESDOF system with the following characteristics:
The Yield Point Spectra (YPS) of Fig. 12 were extracted from the 5% damped elastic spectrum of EC8 (2004) using the equal displacement rule (q=μ) for peak ground acceleration ag=0.36g, soil class B, S=1.2, with corner point periods defining the various spectrum regions equal to TB=0.15 s, TC=0.40s and TD=2.00s. Given the target period Ttarget=0.33s, the target displacement at yield of the ESDOF, δ * y, target, is estimated through the YPS depicted in Fig. 12 The target stiffness of the ESDOF system (K * ) is defined from:
The stiffness distribution along the height of the building is estimated according to Eqs. (9), Table 8 presents information related to the stiffness of the building at each design phase. The required stiffness distribution along the height of the building for the target response shape is also presented. It is observed that only in the first and second floor stiffness addition is required, whereas in the third floor the stiffness of the existing building after design phase I is already higher than the required stiffness for the target response shape. The latter implies that even in the case that the stiffness in the first and second storey are increased as to comply with the stiffness corresponding to the target response, the resulting lateral response shape would slightly deviate from the target one. It was decided to modify only the stiffness of the first storey by the addition of R.C. jackets (i.e. longitudinal bars pass through holes drilled in the slab and anchored in the second storey) due to the cost effectiveness of this solution. The columns to be jacketed at the end of the design phase II are depicted by red colour in Fig. 13(a) . The selection of this specific group of columns and the distribution of the target added stiffness along them did not affect the center of stiffness as defined in design phase I. Details regarding dimensioning of the R.C. jacketed members appear in Table 9 . The proposed retrofit solution may lead to a lateral response shape very close to the target one as seen in Fig. 13(b) , (c) after applying the Rayleigh iterative method. 3.4 Assessment of the retrofitted structure
Eigenvalue Analysis
Eigenvalue analysis was performed to the retrofitted structure as to verify the results conducted by hand calculations. The modal response parameters are presented in Table 10 , whereas the first three modes are shown in Fig. 14 . It is observed that first and second mode are translational with mass participation over 80%. Moreover, the fundamental period (0.35s) is close to the target one (0.33s). 
Pushover Analysis
Nonlinear static analyses were carried out for the modal and the uniform pattern. The response curve after application of the uniform distribution along the height of the building of the applied lateral load is presented in Fig. 15 along with the response curve of the existing building for the same pattern in the x-x and y-y directions (The blue dot placed on the curve of the existing building corresponds to the point of failure). As it is observed the retrofitted building has increased substantially its strength. The interstorey drift profiles that correspond to the maximum top displacement of the retrofitted building (red dot in Fig. 15 ) in x-x and y-y axis are presented in Fig. 16 . Moreover, the lateral response shape at the maximum roof displacement is compared to the triangular response shape in Fig. 17 .
The proposed retrofit solution manages to keep almost a uniform distribution of interstorey drift along the building height even in the post-yield region. Deviations from the target response shape are justified and expected in the sense that one has to deal with existing buildings which after elimination of torsional sensitivity (design phase I) have a pre-defined distribution of stiffness along the height of the building that may impose limitations when compared to the desirable distribution of stiffness along the height of the building as to comply with the target response shape. 
CONCLUSIONS
A retrofit design methodology for the seismic upgrading of rotationally sensitive existing R.C. buildings was presented. The proposed methodology aims to modify substantially the response by minimizing structural eccentricities and simultaneously increasing torsional resistance and stiffness. For this purpose, stiffness is added through the adoption of global intervention methods at the periphery of the building so as to provide a building symmetric in plan and torsionally balanced. The lateral response shape in the two orthogonal axes (x-x and y-y) is further modified as to comply with the target response shape. This is achieved by a weighted distribution of additional stiffness along the height of the building. The proposed methodology was implemented to a three-storey building constructed in the early 1970s in North Greece. The validity of the proposed methodology was assessed by carrying out inelastic analyses with the use of a three-dimensional finite element model of the retrofitted structure. The results indicate the efficiency of the proposed design methodology for the seismic upgrading of existing torsionally unbalanced R.C. buildings.
